Neuron-glial antigen-2 (NG2) glia, characterized by the expression of chondroitin sulphate proteoglycan 4 on their surface, were first described as oligodendrocyte precursor cells but are now recognized as a fourth neuroglial cell type in the central nervous system (CNS) [1] [2] [3] [4] . NG2 glia are evenly distributed within the grey and white matter of the adult CNS, representing a highly heterogeneous population with diverse properties and functions [4] [5] [6] . Previously published findings suggest an active and functional role of NG2 glia in the adult CNS in addition to their role as progenitors for oligodendrocytes.
Hippocampal NG2 Glia after Ischemia data provide evidence for the link between the transformation of NG2 glia to their reactive form and microglial activation/recruitment in response to brain insults. In addition to its constitutive expression in NG2 glia, NG2 is also induced in activated microglia and infiltrating macrophages. This has been observed in various CNS insults [16] [17] [18] [19] [20] [21] [22] [23] [24] , although the specific roles of NG2 induction in these cells are still unknown. NG2 is also expressed in vascular mural cells, wherein it is upregulated during structural remodeling under pathological conditions [16, 25] . Despite the heterogeneous populations of NG2-expressing cells in the injured CNS, NG2 glia are characterized only by their expression of one specific antigen the proteoglycan NG2 [4] . Thus, NG2 glia and NG2-positive microglia/macrophages should be distinguished using sections double-labeled for NG2 and microglial markers and carefully paying attention to the morphological characteristics of both glial cell types.
Transient forebrain ischemia causes the selective and delayed neuronal death of hippocampal CA1 neurons in the rat brain, which in turn evokes neuroglial responses [26] [27] [28] [29] [30] . In particular, microglial activation varies within the different CA1 sub-layers of the ischemic hippocampus: early accumulation of activated microglia and macrophages occurs in the pyramidal cell layer, the site of intense neural damage, while in the stratum radiatum with its dendritic degeneration, microglia transform initially into elongated rod cells, whereas amoeboid-like macrophages invade the tissue later with the still persisting rod cells being the predominant microglial cell type [31] [32] [33] . Interestingly, Ong and Levine [34] show that the densities of NG2 glia in somatic regions (pyramidal cell and granule cell layers) are lower than those in the neighboring dendritic subfields, despite the ubiquitous distribution of NG2 glia throughout the brain. In light of these results, we hypothesized that nature and time course of the appearance of reactive NG2 glia after ischemic insults are distinct in the different hippocampal layers. Although activation and morphological changes of NG2 glia in the CA1 region of the rat hippocampus have been demonstrated in response to hypoxia/ischemia [15] , only a few studies examined the effects of transient cerebral ischemia on reactive NG2 glia within different CA1 sub-layers and their relationship with microglial activation.
In the present study, we investigated the spatiotemporal distribution and morphological features of NG2-expressing cells, i.e., NG2 glia and NG2-positive microglia/macrophages in the CA1 hippocampus after transient forebrain ischemia. In particular, we focused our attention on the NG2 glia within different sub-layers (e.g., pyramidal cell layer and stratum radiatum) of the CA1 hippocampus using confocal imaging and correlative light and electron microscopy.
MATERIALS AND METHODS

Animal preparation
All experimental protocols and animal care provisions were in accordance with the Laboratory Animals Welfare Act, the Guide for the Care and Use of Laboratory Animals, and the Guidelines and Policies for Rodent Survival Surgery provided by the IACUC (Institutional Animal Care and Use Committee) at the College of Medicine of The Catholic University of Korea (Approval number: CUMS-2017-0321-05). IACUC and the Department of Laboratory Animals (DOLA) in the Catholic University of Korea, Songeui Campus accredited the Korea Excellence Animal Laboratory Facility from the Korea Food and Drug Administration in 2017 and acquired full Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International accreditation in 2018. All efforts were made to minimize animal suffering and to reduce the number of animals used.
Adult male Sprague-Dawley rats (250~300 g, OrientBio, Seongnam, Republic of Korea) were used in this study. The animals were housed in groups of three per cage in a controlled environment at a constant temperature (22±5°C) and humidity (50±10%) with food (gamma ray-sterilized diet) and water (autoclaved tap water) available ad libitum. Transient forebrain ischemia was induced by the four-vessel occlusion and reperfusion method described by Pulsinelli and Brierley [35] , with minor modifications [36] . Briefly, the vertebral arteries were electrocauterized and cut to stop circulation in these vessels. After 24 h, both common carotid arteries were occluded for 10 min with miniature aneurismal clips. Body temperatures (measured rectally) were maintained at 37.5±0.3°C with a heating lamp during and after ischemia. Sham-operated rats, with cauterized vertebral arteries and ligatures placed around the carotid arteries, were used as controls. The following inclusion criteria were applied: (1) Only those animals lacking a righting reflex after vascular occlusion were classified as demonstrating ischemia and (2) The reduction or absence of neurons in the CA1 region was verified using Nissl-stained sections. No animal convulsed or died following reperfusion or sham operation. After the surgery, animals were monitored twice daily to determine their health and activity levels, i.e., we examined their behavioral changes (activity and food intake), body weight, and body temperature. The overall mortality rate of ischemic rats was lower than 5%, and all sham-operated rats survived after the operation. Most of the deaths occurred during or shortly after the ischemic procedure, and the leading cause of death appeared to be related to cardiac arrest. However, none of the rats were eliminated from the analysis in the days following the ischemic insult owing to sickness or death, and we did not observe any prominent changes in the behavior or body weight of the rats during the experiments. Animals were sacrificed at 3, 7, 14, or 28 days after reperfusion (n=5 rats/time point for ischemic group; n=3/time point for the sham-operation group). The animals were transcardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) after anesthesia using 10% chloral hydrate (4 mL/kg i.p.). The brain tissues were equilibrated with 30% sucrose in 0.1 M PB and frozen and stored at -70°C for light microscopic study.
Immunohistochemistry
For triple fluorescence immunohistochemistry, free-floating sections (25 μm thick) were blocked in blocking buffer (0.2% gelatine, 1% bovine serum albumin, and 0.05% saponin) and then incubated at 4°C overnight with a mixture of mouse monoclonal antibody against NG2 (1:200; Millipore, Temecula, CA, USA), goat polyclonal antibody against ionized calcium-binding adaptor molecule 1 (Iba1; 1:500; Abcam, Cambridge, UK), and rabbit polyclonal antibody targeting Ki67 (1:1000; Novocastra Laboratories, Ltd., Newcastle upon Tyne, UK). In some experiments, double-labeling was performed using a mix of rabbit polyclonal antibody against NG2 (1:500; Millipore) and one of the following antibodies: goat polyclonal antibody against Iba1 (1:500; Abcam) or mouse monoclonal antibody against the neuronal nuclear antigen (NeuN; 1:400; Millipore), glial fibrillary acidic protein (GFAP; 1:700; Millipore), or adenomatous polyposis coli (APC; also called CC1; 1:100; Sigma-Aldrich, St. Louis, MO, USA). This triple-or double-labeling was followed by a 2-h incubation with appropriate secondary antibodies, as follows: Cy3-conjugated goat anti-mouse antibody (1:2000; Jackson ImmunoResearch, West Grove, PA, USA), Cy3-conjugated donkey anti-goat antibody (1:2000; Jackson ImmunoResearch), Alexa Fluor 488-tagged goat anti-rabbit antibody (1:300; Thermo Fisher, Waltham, MA, USA), Alexa Fluor 488-tagged donkey anti-mouse antibody (1:300; Thermo Fisher), or Alexa Fluor 647-tagged donkey anti-rabbit antibody (1:300; Thermo Fisher). Some sections were also incubated at 4°C overnight with mouse monoclonal antibody against microtubule-associated protein 2 (MAP2; 1:200; Sigma-Aldrich). Counterstaining of cell nuclei was carried out with 4' , 6-diamidino2'-phenylindole (DAPI; 1:2000; Roche, Mannheim, Germany) for 10 min. Negative staining controls for double or triple immunofluorescence were performed by omission of the primary or secondary antibodies. In addition, we compared the results of double-or triple-labeling procedures with those from single-and double-labeling experiments for all combinations of antibodies to ensure a clear interpretation and to detect cross-reactivities. Slides were viewed under a confocal microscope (LSM 700; Carl Zeiss Co., Ltd., Oberkochen, Germany) equipped with four lasers (Diode 405, Argon 488, HeNe 555, and HeNe 639) under constant viewing conditions. For 3D reconstruction, NG2 and Iba1 signals were 3D-rendered using IMARIS (Bitplane, Switzerland) . To analyze the intracytoplasmic localization of NG2 within activated microglia and macrophages, NG2 signals outside of these cells were subtracted to reveal only the co-localized signals using mask properties.
To simultaneously detect apoptotic cells in conjunction with NG2 expression, we performed double-labeling for terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) according to the manufacturer's protocol (Roche Diagnostics Corporation, Indianapolis, IN, USA) and NeuN using mouse monoclonal antibodies (1:400; Millipore). This was followed by 1 h incubation with Cy3-conjugated streptavidin (1:1200; Jackson ImmunoResearch) for the TUNEL method and Alexa Fluor 488-tagged goat anti-mouse antibody (1:300; Thermo Fisher). Counterstaining of cell nuclei was carried out with DAPI for 10 min.
Quantitative analysis
To quantify time-dependent changes in the number of NG2 glia in the pyramidal cell layer and the stratum radiatum of the CA1 hippocampus, three coronal sections double-labeled for NG2 and Iba1 from control and ischemic rats at days 3, 7, 14, and 28 (n=3 per time point) were obtained from the invariable region -2.8 mm to -3.8 mm dorsal to bregma [37] . Only cells with their nuclei in the plane of the section were recorded. Two measurements were performed because of the differences in the characteristic cytoarchitectonic features of hippocampal layers, i.e., one in the smaller pyramidal cell layer with its densely packed stacks of neuronal somata and the other in the wide and relatively soma-free layer called the stratum radiatum. For CA1 pyramidal cell measurements, five areas from the middle third of the CA1 subfield were chosen along 160 μm of the pyramidal band in each hemisphere and were captured at 400× magnification under constant viewing conditions. The labeled cells of the stratum radiatum were counted in five areas (160×160 μm per field) in each hemisphere. The results of these cell counts are presented as the mean±standard error of the mean (SEM). Data analysis was performed using one-way analysis of variance (ANOVA) followed by Bonferroni' s multiple comparisons test. Differences with p values less than 0.05 were considered statistically significant. All statistical analyses were performed using GraphPad Prism version 5 (GraphPad Software Inc.; San Diego, CA). To quantify the numbers of proliferating NG2 glia, sections triple-labeled for NG2, Iba1, and Ki67 from control and ischemic rats at days 3, 7, 14, and 28 (n=3 per time point) were obtained, as described above. We quantified time-dependent changes in intensity profiles of NG2 expression in the pyramidal cell layer and the stratum radiatum of the CA1 hippocampus. Three sections taken from control and ischemic rats at days 3, 7, 14, and 28 (n=3 per time point) were obtained from the invariable region -2.8 mm to -3.8 mm dorsal to bregma [37] . Five randomly selected areas of 50×50 µm were chosen in the pyramidal cell layer and in the stratum radiatum of each section, and all images were captured at 400× magnification under constant viewing conditions. The confocal images were analyzed using ZEN Blue 2.3 (Carl Zeiss AG, Oberkochen, Germany). The data are expressed in arbitrary units as mean±SEM. Data analysis was performed using one-way ANOVA followed by Bonferroni' s multiple comparisons test. Differences with p values less than 0.05 were considered statistically significant. Additionally, we assessed the relative intensity of NG2 immunoreactivity in activated microglia/macrophages in both the pyramidal cell layer and the stratum radiatum of the CA1 hippocampus. Three double-labeled sections for NG2 and Iba1 were taken from control and ischemic rats at days 3, 7, 14, and 28 (n=3 per time point) as described above. Five randomly selected areas of 50×50 µm were chosen in the pyramidal cell layer and in the stratum radiatum of each section, and all images were captured at 400× magnification under constant viewing conditions. The confocal images were analyzed using ZEN Blue 2.3 (Carl Zeiss AG). The data are expressed in arbitrary units as mean±SEM. Data analysis was performed using two-way ANOVA followed by Bonferroni' s multiple comparisons test. Differences with p values less than 0.05 were considered statistically significant.
Immunoelectron microscopic study
For correlative light and electron microscopic study, vibratome sections (100 μm thick) containing the CA1 region of the hippocampus from control (n=3) and ischemic (n=3) rats at days 3 and 14 were cryoprotected with 2.3 M sucrose in 0.1 M phosphate buffer and frozen in liquid nitrogen. Semi-thin cryosections (2 μm thick) were cut at −100°C with a glass knife in a Leica EM UC7 ultramicrotome equipped with the FC7 cryochamber (Leica, Wetzlar, Germany). The sections were double-labeled using a mix of rabbit polyclonal antibody against NG2 (1:500; Millipore) and goat polyclonal antibody against Iba1 (1:500; Abcam). Antibody staining was visualized using Cy3-conjugated donkey anti-goat antibody (1:2000; Jackson ImmunoResearch) and Alexa Fluor 488-tagged goat anti-rabbit antibody (1:300; Thermo Fisher). Sections were additionally labeled with DAPI for 10 min. Coverslipped sections were examined with a confocal microscope and photographed at various magnifications with a differential interference contrast setting to find specific areas for a later examination by electron microscopy. After the coverslips had been floated off the sections, the tissues were prepared further for electron microscopy. After postfixation, dehydration, and embedding in Epon 812 (Polysciences, Warrington, PA, USA), areas of interest were excised and glued onto resin blocks. After being cut into ultrathin sections of 70~90 nm thickness, they were observed using an electron microscope (JEM 1010; JEOL, Tokyo, Japan) with slight uranyl acetate staining.
For pre-embedding immunoelectron microscopy, floating vibratome sections (50 µm thick) from ischemic rats (n=3) at day 14 were immunostained with rabbit polyclonal antibody against NG2 (1:500; Millipore). Immunoreactions were visualized using peroxidase-labeled goat anti-rabbit IgG (1:200; Jackson ImmunoResearch) and 0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB) as a chromogen. The tissues were prepared further for electron microscopy, as described above.
RESULTS
Spatiotemporal profiles of NG2-positive cells in relation to neuronal damage in the hippocampal CA1 region after transient forebrain ischemia
We first examined neurodegeneration in the CA1 hippocampus after transient forebrain ischemia using immunostaining for TU-NEL and the neuron-specific marker NeuN. No specific TUNEL staining was detected in the pyramidal cell layers of control hippocampi, in which the pyramidal cells were densely distributed (Fig.  1A) . Three days after reperfusion, NeuN immunoreactivity in the pyramidal cell layer declined, and most pyramidal neurons were positive for TUNEL, a marker of cell death ( Fig. 1B and 1C ), as described previously [35, 38, 39] . Experimental rats had reproducible cell death in the CA1 hippocampus after ischemia. In addition, we performed immunohistochemical analysis for MAP2, which is known to be an early indicator of neurodegeneration [40] . In control animals, MAP2 immunoreactivity was clearly observed in dendrites in the stratum radiatum as well as in the somata of CA1 neurons (Fig. 1D ). Three days after reperfusion, reduced staining for MAP2 in the somata and dendrites of CA1 neurons was evident when compared to controls (Fig. 1E) , and a profound loss of MAP2 immunoreactivity was observed in CA1 neurons at 14 days (Fig. 1F) .
Sequential temporal profiles of neuronal and neuroglial alterations in the acute (within 3 days of injury), subacute (7~14 days post-injury), and chronic phases (>14 days post-injury) within vulnerable CA1 hippocampus have been well documented after transient forebrain ischemia [33, 41] . Thus, we next defined the relationship between the distribution of NG2 expression and neurodegeneration in the ischemic CA1 hippocampus using doublelabeling for NG2 and NeuN during a 28-day post-ischemic period.
In the CA1 hippocampus of controls, weak immunoreactivity for NG2 was detected in small stellate cells with fine processes localized throughout all strata ( Fig. 2A and 2B ). At 3 days after reperfusion, NG2 immunoreactivity appeared to increase in the CA1 hippocampus with prominent enrichment in the pyramidal cell layer ( Fig. 2C and 2D ). At 7 days after reperfusion when NeuN immunoreactivity had virtually disappeared in the pyramidal cell layer of the CA1 hippocampus, increased NG2 immunoreactivity was evident in the stratum radiatum in addition to that in the pyramidal cell layer ( Fig. 2E and 2F), and there was a further increase in NG2 immunoreactivity in both strata of the CA1 region by day 14 ( Fig. 2G and 2H ). At 28 days after reperfusion, NG2 immunoreactivity appeared to decrease in the stratum radiatum, but it remained with prominent enrichment in the pyramidal cell layer ( Fig. 2I and 2J ). Thus, these data indicated the increased expression of NG2 in the ischemic CA1 hippocampus in comparison to sham-operated controls. We next compared the relative intensity of NG2 immunoreactivity within the pyramidal cell layer and the stratum radiatum in the CA1 hippocampus of sham-operated and ischemic rats using computerized image analysis. The statistical analysis revealed that the NG2 staining intensities in the pyramidal cell layer and the stratum radiatum shared a similar temporal pattern; the NG2 expression in both layers was significantly increased and peaked at 7 days, and this enhanced expression was maintained for up to 28 days ( Fig. 2K and 2L ).
Distribution and morphology of NG2 glia in the hippocampal CA1 region of sham-operated rats
Several reports have provided evidence that NG2 expression is also induced in activated microglia/macrophages following an injury to the CNS [16-19, 21, 22, 24, 42] . Thus, we aimed at identifying the cellular phenotypes of NG2-positive cells using double-labeling for NG2 and the microglial marker Iba1. In shamoperated controls, Iba1-negative NG2 glia were identified in both the pyramidal cell layer and the stratum radiatum of the CA1 hippocampal region (Fig. 3A) . Higher-magnification images ( Fig. 3B  and 3C ) and the three-dimensional (3D) reconstruction using 3D rendering in IMARIS (Fig. 3D ) clearly revealed that these resting NG2 glia shared similar morphological features in both strata and that they were comprised of small stellate cells from which multiple fine processes radiated in all directions.
To define whether NG2 expression is detected in astrocytes in the hippocampal CA1 region of sham-operated rats, we performed double-labeling with NG2 and GFAP. As shown in Fig. 3E , no specific NG2 staining was detected in astrocytes, which displayed thin glial processes. Moreover, double-labeling with NG2 and APC, a marker of mature oligodendrocytes [43] , revealed a nonoverlapping expression of NG2 and APC, despite APC-positive oligodendrocytes being clearly observed in both the pyramidal The boxed area of the pyramidal cell layer (PCL) and stratum radiatum (SR) in A are enlarged in B. Note that pyramidal neurons are densely distributed in the pyramidal cell layer. (C, D) At day 3 after reperfusion, NG2 immunoreactivity appears to be increased in the CA1 hippocampus with prominent enrichment in the pyramidal cell layer, in which NeuN expression declines. (E~H) NG2 immunoreactivity tends to increase in both the pyramidal cell layer and the stratum radiatum at days 7 (E, F) and 14 (G, H) after reperfusion. Note that NeuN immunoreactivity has disappeared in the pyramidal cell layer by day 7. (I, J) At day 28 after reperfusion, NG2 immunoreactivity is still prominent in the pyramidal cell layer but appears to decrease in the stratum radiatum. Cell nuclei are stained with DAPI. Scale bars represent 50 µm in A, C, E, G and I, and 20 µm in B, D, F, H, and J. (K, L) Quantitative analysis of the intensity of NG2 expression in the pyramidal cell layer (K) and the stratum radiatum (L) in sham-operated control and ischemic rats. Note that the NG2 staining intensities in both the pyramidal cell layer and stratum radiatum significantly increase and peak at 7 days after reperfusion, and this enhanced expression is maintained for up to 28 days. n=3 rats per group. In each animal, five randomly selected areas in both strata of each section were analyzed in each of three sections. The data are expressed in arbitrary units (A.U.) as mean±SEM. ***p<0.001 vs sham-operated controls based on oneway ANOVA followed by Bonferroni' s multiple comparisons test. cell layer and the stratum radiatum of the CA1 hippocampus ( Fig.  3F and 3H ).
Time-dependent changes in the distribution and morphology of NG2 glia in the hippocampal CA1 region after transient forebrain ischemia
We next defined the spatial and temporal features of NG2 glia in the ischemic CA1 hippocampus using double-labeling for NG2 and Iba1. In the CA1 hippocampus reperfused for 3 days, prominent NG2 expression appeared in both the pyramidal cell layer and the stratum radiatum in comparison to that observed in the control hippocampus, whereas prominent Iba1 immunoreactivity was detected only in the pyramidal cell layer (Fig. 4A) . At higher magnifications ( Fig. 4B and 4C ), NG2 + /Iba1 -cells, namely NG2 glia exhibited morphologies similar to typical reactive NG2 glia with larger cell bodies and thick processes, as reported previously [16, 44, 45] , but they appeared to differ in their entire cellular morphology and arborization in the two strata of the CA1 hippocampus. When comparing NG2 glia in the stratum radiatum and in the pyramidal cell layer, the former exhibited an increase in the number and complexity of branched processes, whereas the latter had fewer and thicker processes ( Fig. 4B and 4C ). At this time point, double-labeling with NG2 and the two glia-specific markers GFAP or APC revealed that reactive NG2 glia were devoid of spe- Hippocampal NG2 Glia after Ischemia cific labeling for both GFAP and APC (Fig. 5) . At day 7 after reperfusion, increased expression levels for Iba1 and NG2 were noted in both strata of the CA1 hippocampus compared with those at day 3 (Fig. 4D ). Higher-magnification images revealed that NG2 glia in the stratum radiatum had more multiple and complex branching processes compared with those in the pyramidal cell layer, which had large cell bodies with few processes (Fig. 4E and 4F) .
Fourteen days after reperfusion, the labeling patterns for NG2
and Iba1 in the CA1 hippocampus were similar to those observed at day 7, although there was a further increase in NG2 expression in the stratum radiatum (Fig. 4G ). As shown in highermagnification views ( Fig. 4H and 4I ) NG2 glia presented at day 14 morphological characteristics similar to those at day 7. Particularly, the shape and arborization of single processes in reactive NG2 glia were not almost discernible in the stratum radiatum because amorphous clouds of NG2 staining were localized around -cells) appear to increase in both the pyramidal cell layer and the stratum radiatum, whereas NG2-positive microglia/macrophages are preferentially localized to the pyramidal cell layer. Notably, NG2 glia in the pyramidal cell layer (arrowhead in B) have fewer and thicker processes than those in the stratum radiatum (arrowhead in C). (D~F) Lower-(D) and higher-(E, F) magnification views of the CA1 hippocampus 7 days after reperfusion showing that prominent NG2 and Iba1 expression appears in both the pyramidal cell layer and the stratum radiatum. Note that NG2 glia in the stratum radiatum (arrowhead in F) exhibit more numerous and complex branching processes compared to those in the pyramidal cell layer (arrowhead in E). (G~I) Lower-(G) and higher-(H, I) magnification views of the CA1 hippocampus 14 days after reperfusion. Immunoreactivities for NG2 and Iba1 are still prominent in both the pyramidal cell layer and the stratum radiatum. Note that NG2 glia in the pyramidal cell layer (arrowhead in H) have fewer and thicker processes compared to those in the stratum radiatum (arrowhead in I). (J~L) Lower-(J) and higher-(K, L) magnification views of the CA1 hippocampus 28 days after reperfusion, showing that immunoreactivity for NG2 is still observed in the pyramidal cell layer and the stratum radiatum, whereas Iba1 appears to be preferentially localized to the pyramidal cell layer. Note that NG2 glia in the pyramidal cell layer (arrowhead in K) have thick and short processes, while NG2 glia in the stratum radiatum (arrowhead in L) have numerous complex branching processes. Cell nuclei are stained with DAPI. the NG2 glia. On day 28 after reperfusion, the latest time point examined, NG2 expression was still observed in both strata of the CA1 hippocampus, but NG2-positive activated microglia/macrophages appeared to be preferentially localized in the pyramidal cell layer (Fig. 4J) . Using higher-magnification views ( Fig. 4K and  4L ), we could demonstrate that NG2 glia in the stratum radiatum converted into the typical reactive phenotypes with multiple and highly branched processes being clearly identified, while those in the pyramidal cell layer had fewer and shorter processes.
We were able to demonstrate, using enhanced visualization through 3D rendering approaches, that the morphologies of NG2 glia were altered in the two strata of the CA1 hippocampus dur- 6 . The morphological evolution of NG2 glia in the hippocampal CA1 region of rats 3, 7, 14, and 28 days following transient forebrain ischemia. Three-dimensional renderings of NG2 glia are shown in Figures 4B, C, E, F, H, I , K, and L, respectively. Note that NG2 glia exhibit obvious differences in their cellular morphology and arborization of the processes between the two layers. Additionally, note that NG2 glia in the stratum radiatum at 7~14 days after reperfusion are surrounded by amorphous clouds of NG2 staining and, thus, their individual processes cannot be discerned. Cell nuclei are stained with DAPI. Scale bars represent 4 µm in A~H. The three-dimensional renderings of the above images indicate that NG2 expression is more prominent in activated microglia/macrophages of the pyramidal cell layer compared those of the stratum radiatum. (E) At 14 days after reperfusion, the labeling patterns of NG2 expression in activated microglia/macrophages in the pyramidal cell layer (arrows) and the stratum radiatum (arrowheads) remain unchanged in comparison to the 3-day time point. (F) Three-dimensional renderings of the above images, indicating that NG2 expression is more prominent in amoeboid-like macrophages in the pyramidal cell layer than in activated stellate microglia in the stratum radiatum. Cell nuclei are stained with DAPI. (G) Quantitative temporal analysis of the intensity of NG2 immunoreactivity in activated microglia/macrophages in the CA1 hippocampus during the post-ischemic period. Note that the relative intensity of microglial NG2 immunoreactivity in the pyramidal cell layer was significantly higher than that in the stratum radiatum by 7 days after reperfusion. n=3 rats per group. In each animal, five randomly selected areas in both strata of each section were analyzed in each of three sections. The data are expressed in arbitrary units (A.U.) as mean±SEM. ns, not significant; ***p<0.001 vs sham-operated controls; ### p<0.001 vs pyramidal cell layer based on two-way ANOVA followed by Bonferroni' s multiple comparisons test. Scale bars represent 10 µm in A, C, and E; and 4 µm in B, D, and F. ing the 28 days following ischemia (Fig. 6 ). In particular, the 3D renderings revealed that NG2 glia in the stratum radiatum at 7~14 days after reperfusion were almost surrounded by amorphous clouds of NG2 staining, which did not allow the clear identification of their individual processes (Fig. 6) .
Induction of NG2 expression in activated microglia/macrophages in the hippocampal CA1 region of ischemic rats
We next examined the induction of NG2 expression in activated microglia/macrophages in the ischemic CA1 hippocampus. In sham-operated rats, no significant immunoreactivity for NG2 was detected in resting microglia with ramified morphology, and there was no apparent difference in shape between the pyramidal cell layer and the stratum radiatum ( Fig. 7A and 7B ). In the CA1 hippocampus reperfused for 3 days, evident NG2 expression was noted in Iba1-positive microglia located in the pyramidal cell layer and the stratum radiatum, where they displayed the characteristic features of amoeboid-like macrophages with retracted processes and those of activated stellate microglial cells with thick and short processes, respectively (Fig. 7C) . In particular, the 3D-rendered images clearly demonstrated that NG2 expression was observed on the surface or within the cytoplasm of these microglia/macrophages, and the expression was more prominent in brain macrophages in the pyramidal cell layer (Fig. 7D) . At 14 days after reperfusion, the labeling patterns of microglial NG2 expression in both strata of the CA1 hippocampus remained unchanged in comparison to those at day 3 ( Fig. 7E and 7F ). This observation was confirmed by quantitative temporal analysis showing that the mean fluorescence intensity of microglial NG2 expression in both the pyramidal cell layer and the stratum radiatum was significantly increased throughout the injury period (Fig. 7G) . In addition, the relative intensity of microglial NG2 immunoreactivity in the pyramidal cell layer was significantly higher than that in the stratum radiatum throughout the injury period, although its intensity in both strata was similar at 3 days after reperfusion.
Quantitative analysis of time-and lamina-dependent distribution of NG2 glia in the hippocampal CA1 region of sham-operated and ischemic rats
As described above, the numbers of NG2-positive cells appeared to be increased in the CA1 hippocampus after transient forebrain ischemia. Thus, we quantified the numbers of NG2 glia in both examined strata of the CA1 hippocampus in control and ischemic rats. As shown in Fig. 8A and 8B, the numbers of NG2 glia in the stratum radiatum and the pyramidal cell layer were significantly higher in ischemic rats compared to sham-operated controls over the 28-day period after reperfusion. The number of NG2 glia in the pyramidal cell layer was significantly increased at day 3 after reperfusion and remained elevated until day 28 (Fig. 8A) , while their numbers in the stratum radiatum increased progressively for 14 days after reperfusion, although the number of NG2 glia was slightly decreased on day 28 (Fig. 8B) . We next determined whether the increase in the numbers of NG2-positive cells in the ischemic CA1 hippocampus was due to new cells generated via proliferation. Triple-labeling for NG2, Iba1, and Ki67, a marker expressed in cells at all cell cycle phases except G0 [46, 47] , revealed that NG2 glia and NG2-positive microglia frequently exhibited Ki67-positive nuclei in both the pyramidal cell layer (Fig. 8C ) and the stratum radiatum (Fig. 8D) . Thus, we quantified the numbers of NG2 glia proliferating in the two examined strata of the CA1 hippocampus in control and ischemic rats. In the sham-operated CA1 hippocampus, the number of Ki67-positive NG2 glia was negligible in the pyramidal cell layer and the stratum radiatum, but 24.4% and 29.6% of all NG2 glia in the pyramidal cell layer and the stratum radiatum, respectively, were proliferating at 3 days after reperfusion ( Fig. 8E and 8F ). This proportion declined in both layers thereafter, but it was maintained in the stratum radiatum at about 5% on day 28, whereas only 1.3% of all NG2 glia were proliferating in the pyramidal cell layer at this time point.
Ultrastructure of NG2 glia in the hippocampal CA1 region of sham-operated and ischemic rats
Using a correlative light and electron microscopic approach, we then determined more precisely whether the ultrastructural morphology of NG2 glia was also different depending on the sub-layers of the CA1 hippocampus. Semi-thin sections double-labeled for NG2 and Iba1 were first observed using confocal microscopy, which clearly revealed NG2 glia devoid of Iba1 immunoreactivity in both strata of the CA1 hippocampus of control rats ( Fig. 9A and  9C) . Overlay of the confocal and the transmission electron microscopic images demonstrated that resting NG2 glia had nuclei with clustered chromatin and a relatively narrow rim of cytoplasm with only a few stacks of rough endoplasmic reticulum. There was no obvious difference in their ultrastructural morphology between the two strata ( Fig. 9B and 9D ).
In the CA1 hippocampus reperfused for 3 days, semi-thin sections double-labeled for NG2 and Iba1 clearly revealed two types of NG2-positive cells, NG2 glia and activated microglia expressing NG2 in the pyramidal cell layer (Fig. 9E ) and the stratum radiatum (Fig. 9G) . When these cells were further analyzed with electron microscopy ( Fig. 9F and 9H) , we found that NG2 glia in the two strata shared ultrastructural features typical of reactive NG2 glia, and they had abundant rough endoplasmic reticulum and well- Furthermore, we analyzed reactive NG2 glia in the CA1 hippocampus reperfused for 14 days. As shown in semi-thin sections double-labeled for NG2 and Iba1 (Fig. 10A and 10C ), NG2 glia that were devoid of Iba1 labeling were clearly distinguishable from NG2-positive microglia in both the pyramidal cell layer and the stratum radiatum. When the same semi-thin sections were further examined using transmission electron microscopy, we observed that reactive NG2 glia in both strata had a well-developed rough endoplasmic reticulum (Fig. 10B and 10D) . We then defined the precise subcellular localization of NG2 within NG2 glia in the stratum radiatum using pre-embedding immunoelectron microscopy. As shown in Fig. 10E and 10F , NG2 immunoreactivity, as indicated by highly electron-dense DAB grains, was localized along the plasma membrane of NG2 glia and could be observed in the adjacent extracellular matrix.
DISCUSSION
We recently reported that NG2 glia undergo proliferation and morphological changes in the striatum of rats exposed to the mitochondrial toxin 3-nitropropionic acid [16] . In the present study, we -cells) in the pyramidal cell layer (PCL) was counted in five areas from the middle third of the CA1 subfield along 160 μm of the pyramidal band in each hemisphere. The number of labeled cells in the stratum radiatum (SR) was counted in five areas (160×160 μm per field) in each hemisphere. Three sections from three animals per group were included in this analysis. The numbers of NG2 glia in the pyramidal cell layer significantly increase, reach a maximum 3 days after reperfusion, and remain elevated until day 28, while those in the stratum radiatum progressively increase until day 14 and then slightly decrease on day 28. (C, D) Representative images of triple-labeling for NG2, Iba1, and Ki67, showing that NG2 glia (arrowheads in C and D) and NG2-positive microglia/macrophages (arrows in C and D) have Ki67-labeled nuclei in both the pyramidal cell layer (C) and the stratum radiatum (D) at 3 days after reperfusion. Cell nuclei are stained with DAPI. (E, F) Temporal profile of proliferating NG2 glia in the pyramidal cell layer (E) and the stratum radiatum (F) in the hippocampal CA1 region after reperfusion. The number of NG2
+ cells is divided by the total number of NG2 + /Iba1 -cells for each area described above to indicate the percentage of proliferating NG2 glia. The proportion of Ki67-labeled NG2 glia is more than 20% of all NG2 glia in both layers on day 3 and decreases abruptly on day 7. Note that in the stratum radiatum, this proportion remains at about 5% up to day 28. The data are expressed as the mean ± SEM. *p<0.05, **p<0.01, and ***p<0.001 vs shamoperated controls based on one-way ANOVA followed by Bonferroni' s multiple comparisons test. Scale demonstrated that NG2 glia can also transform into their reactive form in the ischemic CA1 hippocampus, where activation of NG2 glia showed a distinct temporal pattern in the pyramidal cell layer (somatic region) and the neighboring dendritic stratum radiatum. In addition, our data revealed that NG2 expression was induced in activated microglia/macrophages in the ischemic CA1 hippocampus, in a layer-specific manner. This is in agreement with our previous study showing the NG2 induction in activated microglia/ macrophages in the lesioned striatum [16] . Thus, supporting and extending our previous observations, the present study provides a detailed spatiotemporal characterization of reactive NG2 glia in the selectively vulnerable CA1 region of the rat hippocampus subjected to transient forebrain ischemia. It is widely accepted that NG2 is a valuable marker for several types of cells including oligodendrocyte progenitors, pericytes, smooth muscle cells, and activated microglia/macrophages, in addition to NG2 glia (reviewed in [4, 5, 48] ). The present data revealed that in the CA1 hippocampus of sham-operated controls, Hippocampal NG2 Glia after Ischemia NG2 glia in areas distant from the vasculature were antigenically distinct from astrocytes, mature oligodendrocytes, and microglia, all of which were devoid of specific NG2 immunoreactivity (Fig.  3) . In the ischemic hippocampus, NG2 expression was induced in activated microglia/macrophages, with neither reactive astrocytes nor oligodendrocytes exhibiting specific NG2 immunoreactivity (Fig. 5) . In addition, NG2 glia and pericytes could be easily differentiated based on their branched versus crescent-shaped morphology, respectively [49] . Thus, our data clearly indicate that NG2-positive cells in the ischemic CA1 hippocampus were comprised of cells with constitutive (NG2 glia) and ischemia-induced (activated microglia/macrophages) expression of NG2. We found that in the CA1 hippocampus of sham-operated controls, NG2 glia exhibited morphological features typical of resting NG2 with small cell bodies from which multiple fine processes radiate in all directions, as described previously [16, 44, [50] [51] [52] . In addition, our data using a correlative light and electron microscopic approach revealed that these resting NG2 glia had scanty cytoplasm with few cytoplasmic organelles. Resting NG2 glia shared morphological and ultrastructural features in the two strata of the CA1 hippocampus. Activation of NG2 glia was evident in both the pyramidal cell layer and the stratum radiatum of the CA1 hippocampus starting within 3 days after reperfusion, which correlates with the spatiotemporal profiles of neurodegeneration after ischemic injury [27, [53] [54] [55] , and their activation was sustained for at least 28 days after reperfusion. In the ischemic CA1 hippocampus, NG2 glia underwent proliferation and dynamic morphological changes, which were very similar to NG2 glia be- coming reactive in response to a variety of insults [8, 12-14, 16, 34, 44] . Besides, reactive NG2 glia had abundant rough endoplasmic reticulum and well-developed Golgi complexes compared to resting NG2 glia, consistent with the findings of our previous study [16] . Thus, our data indicate that activation of NG2 glia is a general phenomenon during CNS insults, rather than being limited to a specific CNS region or to a particular experimental model. Moreover, we found that proliferation and morphological changes of NG2 glia occurred in a distinct time-and layer-specific manner in the ischemic CA1 hippocampus. In particular, fluorescent images acquired and rendered as 3D reconstruction provided evidence for the differences in cellular morphology and arborization of individual NG2 glia in both examined strata of the CA1 hippocampus during the post-ischemic period despite the morphological similarities of resting NG2 glia in these strata. Reactive NG2 glia in the pyramidal cell layer had shortened, scarcely branched processes and generally maintained these features overall during the post-ischemic period. By contrast, reactive NG2 glia in the stratum radiatum exhibited multiple and complex branching processes after reperfusion, and at 7~14 days after reperfusion, the morphology and arborization status of the NG2 glia processes could not be discerned because amorphous clouds of NG2 staining surrounded these cells. This cloudy appearance of reactive NG2 glia was also described in the denervated outer molecular layer of the hippocampal dentate gyrus after entorhinal cortex lesion, suggesting that this cloudy immunostaining is, at least in part, caused by the secretion of NG2 into the extracellular matrix [51] . In line with this, the localization of accumulated NG2 appears rather diffuse and has a lack of distinct cellular structure in the spinal cord during experimental autoimmune encephalomyelitis, indicating that NG2 is secreted and incorporated into the extracellular matrix [56] . In particular, our pre-embedding immunoelectron microscopic findings demonstrated that NG2 immunoreactivity was specifically associated with the plasma membrane and its adjacent extracellular matrix of NG2 glia in the stratum radiatum 14 days following reperfusion (Fig. 10) , as previously reported [51] , raising the possibility that NG2 is secreted into the extracellular matrix by NG2 glia. In addition, the NG2 protein undergoes cleavage of its ectodomain, and the shedded form of NG2 is increased in the injured CNS [57] . Thus, it is likely that NG2 production actively proceeds in reactive NG2 glia of the stratum radiatum at 7~14 days after reperfusion and that these NG2 glia represent the most active phenotype in response to tissue degeneration. It is well-known that extensive neuronal death and dendritic damage occur in the CA1 hippocampal region, commencing 2 to 3 days after transient forebrain ischemia and reaching their maximal effects within 1~2 weeks [27, 53, 58] . Furthermore, regenerative processes such as neurite growth are lacking in the CA1 hippocampus 15 days after ischemia [59] . Thus, it is likely that the temporal pattern of reactive NG2 glia phenotypes in the stratum radiatum overlaps with the period of ongoing dendrite degeneration observed in pyramidal neurons, resulting from ischemic insults to this layer. In this sense, it is interesting that although the numbers of NG2 glia in both strata were significantly increased on day 3 after reperfusion and elevated until day 28, their temporal profiles were different in these strata. The number of NG2 glia in the pyramidal cell layer peaked at day 3 and was not changed significantly throughout the injury period, whereas NG2 glia in the stratum radiatum showed a tendency to increase in number with time. This increase was attributed to enhanced proliferation of NG2 glia, as determined using triple-labeling for NG2, Iba1, and Ki67. The proliferation of NG2 glia in both strata was most prominent at day 3 and was considerably reduced by day 7. However, a more sustained proliferation of NG2 glia could be observed in the stratum radiatum, relative to that in the pyramidal cell layer, suggesting that this may be a response to ongoing degeneration in this layer. Given that NG2 glia have direct synaptic contacts with neurons in multiple brain regions, including the hippocampus [4, [60] [61] [62] [63] [64] , our data suggest a possible link between the activation of NG2 glia and significant damage to dendrites, which may have direct synaptic contacts with NG2 glia. However, whether the loss of functional synapses in NG2 glia results in the activation of NG2 glia, and what triggers the activation of NG2 glia after ischemic insults, remains to be addressed.
The functional significance of reactive NG2 glia in the injured CNS is not fully understood. In particular, the role of NG2 with respect to axonal growth is controversial. Chondroitin sulfate proteoglycans including NG2 are widely accepted to be inhibitory to axonal regeneration; NG2 glia inhibit axonal regeneration after CNS lesions, and their targeted reduction can improve regeneration [18, [65] [66] [67] [68] [69] [70] . Conversely, NG2 is thought to facilitate axonal growth and stabilize the axon during development and regeneration [18, [71] [72] [73] [74] [75] . In addition, NG2 upregulation in the denervated hippocampal dentate gyrus coincides with the sprouting response, suggesting that NG2 regulates axonal growth [51] . Furthermore, ablation of NG2 glia produces defects in hippocampal neurons due to excessive neuroinflammation, suggesting that NG2 glia maintain neuronal functions and survival via the control of neuroimmunological functions [76] . Thus, it can be speculated that long-lasting and selective induction of NG2 in areas affected by ischemia is related not only to the neurodegeneration but possibly to subsequent neuronal reorganization as well. However, the functional significance of reactive NG2 glia was not fully clarified in the present study; thus, further studies are required to determine www.enjournal.org https://doi.org/10.5607/en.2020.29.1.50
Hippocampal NG2 Glia after Ischemia the precise role and mechanisms of NG2 glia in the ischemic brain, and also whether layer-specific phenotypes of NG2 glia indeed reflect their potential functions or simply the characteristic cytoarchitectonic features of these two layers.
Another interesting finding was that induced NG2 expression in activated microglia/macrophages exhibited a characteristic strata-dependent pattern in the ischemic CA1 hippocampus. NG2 induction was prominent in macrophage-like phenotypes located predominantly in the pyramidal cell layer; this is in comparison to the activated stellate microglial cells observed in the stratum radiatum. This is in agreement with previous reports showing that activated microglia and macrophages within the pyramidal cell layer cluster around degenerating neurons, while rod-shaped reactive microglia are observed alongside the degenerating pyramidal dendrites in the stratum radiatum, which was associated with dendritic degeneration [31] [32] [33] 77] . Despite substantial information regarding the induction of NG2 in activated microglia/macrophages after CNS insults, its specific roles are still unknown. Moransard et al. [56] reported that NG2 deficiency has no effect in experimental autoimmune encephalomyelitis, indicating that NG2 does not play an important role in macrophage/microglia functions in autoimmunity. However, there are several suggestions regarding the potential roles of NG2 induction in activated microglia/macrophages. NG2 regulates the production of inflammatory cytokines and neuroprotective factors in activated microglia/macrophages [22, 78] . In fact, the induction of NG2 expression in these cells leads to microglial activation or alteration of functional activities, such as phagocytosis [22, 24, 45, 78] . In addition, NG2 expression increases the invasive and migratory capabilities of glioma cells by facilitating interactions with extracellular matrix proteins [79, 80] . Interestingly, we found that NG2 expression was strongly induced in macrophage-like phenotypes with amoeboid morphology rather than in activated microglia with evident processes, which was confirmed by quantification of the mean fluorescence intensity of NG2 expression in these cells (Fig. 7) . Thus, our data raise the possibility that NG2 expression in brain macrophages may reflect the activation/phagocytosis of microglia or infiltrating blood-borne macrophages, as suggested previously [22, 24, 45, 78] , although the exact functional significance remains to be elucidated. We cannot exclude the possibility that this observation was simply related to the functional status of microglia and macrophages.
In summary, our data demonstrate that ischemic insults induced the transformation of NG2 glia into distinct reactive phenotypes in the pyramidal cell layer and the stratum radiatum of the CA1 hippocampus. In addition, NG2 expression was induced after ischemic insults in activated microglia/macrophages in the CA1 hippocampus in a layer-specific manner. Thus, these findings indicate that activation of NG2 glia and induced NG2 expression in activated microglia/macrophages occur in a characteristic timeand layer-specific manner in the ischemic CA1 hippocampus. These characteristic profiles of reactive NG2 glia could be secondary to the degeneration processes occurring in the cell bodies or dendritic domains of hippocampal CA1 pyramidal neurons after ischemic insults.
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